Abstract-Women with a history of preeclampsia are characterized by vascular dysfunction and an increased risk of cardiovascular disease. In the present study we investigated whether insulin sensitivity is decreased in women with previous preeclampsia and whether it is associated with endothelium-dependent and/or -independent vasodilation and/or features of metabolic syndrome. Twenty-eight nonobese women with previous severe preeclampsia and 20 women with a previous normotensive pregnancy were studied 5 to 6 years after the index pregnancy. Vasodilation was measured by venous occlusion plethysmography after intra-arterial infusions of sodium nitroprusside and acetylcholine and insulin sensitivity by the intravenous glucose tolerance test using the minimal model technique. The women were tested for lipid profile, inflammatory status and endothelial activation. Insulin sensitivity did not differ between the groups (Pϭ0.24). Insulin sensitivity correlated positively to endothelium-dependent vasodilation only in the patient group in both low (␤ϭ0.59; Pϭ0.04) and high (␤ϭ0.53; Pϭ0.04) concentrations of acetylcholine and in a high concentration of sodium nitroprusside (␤ϭ0.0007; Pϭ0.006). In multivariate analysis, the waist/hip ratio (Pϭ0.04) and serum triglycerides (Pϭ0.04) had the most effect on insulin sensitivity in the patient group. Gestational weeks at the onset of preeclamptic hypertension (Pϭ0.02) and proteinuria (Pϭ0.02) associated positively with insulin sensitivity together with firsttrimester body mass index (Pϭ0.008) and maximum diastolic blood pressure during preeclampsia (Pϭ0.005). The present study indicates a relation between insulin sensitivity with vascular dilatory function in women with previous preeclampsia. Furthermore, early onset preeclampsia correlates with impaired insulin sensitivity later in life. Key Words: preeclampsia Ⅲ insulin sensitivity Ⅲ vasodilation Ⅲ cardiovascular disease Ⅲ plethysmography Ⅲ postpartum N ormal pregnancy exposes women to profound changes in carbohydrate, protein and lipid metabolism. 1 Hypertriglyceridemia and decreased insulin sensitivity characterize the third trimester of pregnancy, 2-4 facilitating the maternal response to the energy demands of the fetus. These changes seem to be even more exaggerated in preeclampsia, 4 -8 but the mechanisms behind them are unclear, 9 and findings have not always been consistent. 10, 11 Nevertheless, features of the metabolic syndrome have been shown to prevail for months to several years after a preeclamptic pregnancy. [12] [13] [14] [15] Because metabolic syndrome and insulin resistance are known risk factors of cardiovascular disease, 16,17 persistence of metabolic abnormalities after preeclampsia could contribute to the increased risk of cardiovascular disease in these women. 18 -21 This process could also be related to endothelial dysfunction, a central feature in the pathophysiology of cardiovascular disease and shared by both insulin resistance 22,23 and preeclampsia. 24 We have shown previously impaired endothelium-dependent and endothelium-independent vasodilation in women with a history of preeclampsia. 12 The aim of this study was to find out whether insulin sensitivity is impaired in this group of women with a history of preeclamptic pregnancy and whether this insulin sensitivity would be associated with vasodilation, metabolic status, or inflammatory markers that could act as mediators of the increased cardiovascular risk in these women.
N ormal pregnancy exposes women to profound changes in carbohydrate, protein and lipid metabolism. 1 Hypertriglyceridemia and decreased insulin sensitivity characterize the third trimester of pregnancy, [2] [3] [4] facilitating the maternal response to the energy demands of the fetus. These changes seem to be even more exaggerated in preeclampsia, 4 -8 but the mechanisms behind them are unclear, 9 and findings have not always been consistent. 10, 11 Nevertheless, features of the metabolic syndrome have been shown to prevail for months to several years after a preeclamptic pregnancy. [12] [13] [14] [15] Because metabolic syndrome and insulin resistance are known risk factors of cardiovascular disease, 16, 17 persistence of metabolic abnormalities after preeclampsia could contribute to the increased risk of cardiovascular disease in these women. 18 -21 This process could also be related to endothelial dysfunction, a central feature in the pathophysiology of cardiovascular disease and shared by both insulin resistance 22, 23 and preeclampsia. 24 We have shown previously impaired endothelium-dependent and endothelium-independent vasodilation in women with a history of preeclampsia. 12 The aim of this study was to find out whether insulin sensitivity is impaired in this group of women with a history of preeclamptic pregnancy and whether this insulin sensitivity would be associated with vasodilation, metabolic status, or inflammatory markers that could act as mediators of the increased cardiovascular risk in these women.
Methods
Pregnancy data on women treated for preeclampsia (International Classification of Diseases, Tenth Revision, diagnosis O14.1) at Helsinki University Central Hospital during the period 1996 -1998 were collected. There were 120 women who fulfilled the criteria for preeclampsia (blood pressure of Ն140 mm Hg [systolic] or 90 mm Hg [diastolic] on Ն2 occasions after the 20th week of gestation and proteinuria Ն300 mg/24 hour or Ն1ϩ on dipstick). The medical charts were personally reviewed to confirm the accuracy of the diagnosis and associated medical problems. Women with concomitant disease, such as diabetes or a history of gestational diabetes, chronic hypertension, and kidney disease or coagulation disorders were excluded, and only women with registered 24-hour urine sampling were included. Suitable women (reachable, white, and living near Helsinki) were contacted from the remaining sample of 83. The patient group consisted of 30 women and the control group of 21 women selected at random from the records of normal, uncomplicated pregnancies during the same time period. All of the women were examined 5 to 6 years after the index pregnancy. Two women with hypertension, diagnosed after preeclamptic pregnancy, withheld their antihypertensive medication for 3 days before the study. The 2-day study measurements were performed after an overnight fast on both days. Demographic variables were recorded and blood pressure was measured by a trained midwife. 12 Blood samples were collected for the analysis of glycosylated hemoglobin, sex hormone-binding globulin, uric acid, free testosterone, lipids (total cholesterol, high density lipoproteins, and triglycerides), lipoproteins (apolipoprotein A1, apolipoprotein B, and lipoprotein ͓a͔), and proinflammatory mediators interleukin-6, sensitive C-reactive protein, and von Willebrand factor. 17, 25, 26 Vasodilatory capacity was measured in vivo in the forearm by means of venous occlusion plethysmography (EC 4 Strain Gauge Plethysmograph, D.E. Hokanson, Inc) after the intra-arterial infusions of the endothelium-independent vasodilator sodium nitroprusside ([SNP] Nitropress, Abbott Laboratories) at concentrations of 3 and 10 mol/L and endothelium-dependent vasodilator acetylcholine ([ACh] Miochol-E, Laboratories CIBA Vision Faure) at concentrations of 7.5 and 15 mol/L, as described previously in detail. 12 The following day, after controlling the blood pressure, insulin sensitivity was assessed by means of the insulin-enhanced intravenous glucose tolerance test (IVGTT) with minimal model analysis (MINMOD Millennium, Minmod, Inc). 27 In our study, the IVGTT (12 samples) was performed with glucose injection (0.3 g/kg) and insulin injection (0.03 U/kg) IV at 0 and 20 minutes, respectively. Blood samples were collected at baseline and at 4, 6, 8, 10, 19, 22, 29, 37, 67, 90, and 180 minutes after administration of the glucose bolus for determination of glucose and insulin levels. During the IVGTT, the patients were resting supine and were asked not to move about in the room. The glucose and insulin values were then used to estimate the parameters of the minimal model computer analysis. Insulin sensitivity is expressed as the parameter sensitivity index, which is obtained from the disappearance curves of glucose and insulin. Blood glucose was measured by the hexokinase method (Glucoquant, Roche Diagnostics) and insulin by using AutoDelfia Insulin kit (Automatic Immunoassay System [B080-101], Perkin Elmer Life and Analytic Sciences, Inc). All of the used procedures adhered to the principles of the Declaration of Helsinki and were in accordance with institutional guidelines. The study protocol was approved by the ethics committee of Helsinki University Central Hospital. Every woman gave informed written consent to participate in the study. Three women (2 from the patient group and 1 from the control group) were excluded from the analysis because of technical problems during the IVGTT. This resulted in group sizes of 28 in the patient group and 20 in the control group that were used in the analyses.
Statistics
Normally distributed data are given as meansϮSDs and nonnormally distributed data as medians with interquartile ranges (25th to 75th percentiles). Student t test and the Mann-Whitney U test were used to assess the differences between the groups. For categorical data we applied Fisher's exact probability test. To explore the variables associated with insulin sensitivity, univariate and multiple linear regression analyses were performed, and log-transformed insulin sensitivity index was used as the dependent variable. The association between vasodilation and insulin sensitivity was analyzed by means of Pearson's correlation. Analyses were performed by using NCSS 2007 (Number Cruncher Statistical Systems). Values of PϽ0.05 were considered statistically significant. 
Results
Demographic data during the index pregnancy and at the time of the study are shown in Table 1 . Indices of carbohydrate, androgen, and lipid metabolism were similar between the groups; there was no difference between the groups in insulin sensitivity (sensitivity index; Table 2 ). The correlation of insulin sensitivity with vasodilation achieved by vasodilators ACh and SNP was tested in low and high concentrations in both groups. A positive correlation was seen at both concentrations of ACh and high concentrations of SNP, but only in the patient group (Figures 1 and 2 ). Multiple regression analyses showed that this positive association was independent of body composition (waist/hip ratio [WHR]) and inflammation (sensitive C-reactive protein) and lipids (triglycerides) with the exception of a high concentration of ACh (data not shown). Univariate analysis was performed to explore the rest of the variables associated with insulin sensitivity in the patient group (Table 3 ) and in the control group (Table 4) . Of the pregnancy variables in the patient group, insulin sensitivity was associated negatively with first-trimester body mass index (BMI) and maximum diastolic blood pressure during preeclampsia and positively with Values are expressed as meansϮSDs or medians and interquartile ranges (percentiles 25 to 75). SHBG indicates sex hormone-binding globulin; HDL, high-density lipoprotein; HbA1c, glycosylated hemoglobin; fB, fasting blood; S, serum; fS, fasting serum. earlier onset of preeclamptic hypertension and proteinuria and birth weight of the child. Among the measurements at the study, insulin sensitivity was associated negatively with body weight, WHR, and blood pressure. Furthermore, the lipids (triglycerides, total cholesterol, and apolipoprotein B), sensitive C-reactive protein, serum testosterone, and sex hormonebinding globulin correlated with insulin sensitivity (Table 3) . Three variables of the highest explanatory value (r 2 ) in univariate analysis of the patient group were chosen for multivariate analysis: WHR, triglycerides, and diastolic blood pressure during the study. This multivariate model explained 60% of insulin sensitivity in the patient group (Table 5 ). In the control group, insulin sensitivity correlated only with present BMI (Table 4) .
The univariate and multivariate analyses were also performed in the whole material in the same manner as done above. The variables chosen to multivariate analysis were serum triglycerides (r 2 ϭ0.31), WHR (r 2 ϭ0.25), diastolic blood pressure (r 2 ϭ0.24), sensitive C-reactive protein (r 2 ϭ0.17), and vasodilation after SNP10 (r 2 ϭ0.17). In the multivariate analysis of the whole group, impaired insulin sensitivity was associated only with diastolic blood pressure (␤ϭϪ1.3; Pϭ0.04), and the total explanatory strength of the model was 51% (data not shown).
Discussion
We did not find any difference in insulin sensitivity in women with previous preeclampsia as compared with the control women. Insulin sensitivity correlated to vasodilation but only in the preeclamptic group. Of the clinically important and statistically most relevant variables, the present WHR and serum triglycerides had most effect on insulin sensitivity in previously preeclamptic women. Interestingly, severity and gestational weeks at the onset of preeclampsia (diastolic blood pressure and earlier onset of proteinuria and hypertension) were associated with later insulin sensitivity. We used an insulin-enhanced IVGTT with minimal model analysis to assess insulin sensitivity. The calculations for glucose together with secreted and exogenous insulin values provide an index (sensitivity index) that quantifies the capacity of insulin to promote glucose disposal. The results with the minimal model are well documented and correlate with those of the hyperinsulinemic euglycemic clamp procedure. 28, 29 Endothelial function was assessed as the change in flow in resistance vessels of the forearm resulting from vasodilation after intra-arterial infusions of vasodilatory substances. This method is regarded as the "gold standard" for assessment of endothelial function. However, it is time consuming, relatively invasive, and requires substantial cooperation from the patient. 26, 30 Signs of decreased insulin sensitivity in close proximity to preeclamptic pregnancy have been shown by means of the minimal model 5 and various other methods, [31] [32] [33] [34] although there are opposing results. 35 Some of these studies have shown increased body weight in previously preeclamptic women, and comparisons might have been influenced by overweight 5, 33 or differences in body composition between groups. 34 Girouard et al 36 showed recently how indices of insulin sensitivity seemed to be impaired in women with a previous hypertensive pregnancy, but the difference disappeared when controlling for BMI. Our results are in agreement with this notion; increasing body weight (BMI) was associated with insulin sensitivity in both groups; however, with normal and similar BMI, no difference in insulin sensitivity was observed between the groups. Nevertheless, it is interesting that insulin sensitivity was associated with central obesity (WHR) only in the patient group, although WHR was still within the normal limits and similar between the groups. These results suggest that increasing central obesity adds to the risk of insulin resistance in women with history of preeclampsia in particular. Moreover, the process might begin even before the normal limits of WHR are surpassed. This might contribute to the increased cardiovascular risk in these women. [37] [38] Decreased insulin sensitivity 
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is related to impaired endothelial function. 23 Most likely insulin sensitivity is the preceding feature 23 ; however, opposing hypotheses have also been suggested. 39 To our knowledge, there are no previous studies on insulin sensitivity and its relationship to vascular dilatory function during preeclampsia or after preeclamptic pregnancy. We have previously shown impaired endothelium independent and -dependent vascular dilatory capacity in women with a history of preeclampsia. 12 In the present study, a significant positive association between vasodilation and insulin sensitivity was found only in the patient group. This correlation was shown in a low concentration of endotheliumindependent vasodilation and both low and high concentrations of endothelium-dependent vasodilation. This positive association was independent of body composition and inflammation; however, the relation to triglycerides was not as clear. There is a well-known association between triglycerides and insulin sensitivity, 17 which is apparent also in the present study, and in that light it can be regarded as comprehensible that association between vasodilation and insulin sensitivity could be affected by triglycerides. However, because this dependency on triglycerides with ACh15 was not seen in SNP10 or ACh7.5, these results remain to be confirmed. Altogether, the results suggest that there is another factor(s) having an effect on the association between vascular function and insulin sensitivity, not simply the components of metabolic syndrome. Other than the mechanisms by which insulin resistance could affect endothelial function, 23 it has been hypothesized that signaling within vascular smooth muscle cells might be affected by insulin resistance. 40 However, it needs to be recognized that, despite these differences in vascular dilatation in association with insulin sensitivity, the difference between the groups does not reach significance, which might be resulting from the limited size of the study material and needs to be supported in bigger materials. The observation that blood pressure was significantly higher in the patient group is similar to the findings in previous studies. 19 It also had a significant association with insulin sensitivity, however, not reaching significance in multivariate analysis against WHR and serum triglycerides in the patient group. The importance of blood pressure is, however, seen in the multivariate analysis of the whole group where diastolic blood pressure is the only significant variable explaining insulin sensitivity. In previous studies, insulin resistance has been suggested to coexist or even be causally related to hypertension. 41 Suggested mechanisms include impaired NO-mediated endothelial vasodilation, increased sodium retention resulting from insulin resistance, and enhanced sympathetic nervous system activity. 41, 42 We could not find significant association between endotheliumindependent or endothelium-dependent vasodilation and 
blood pressure in multivariate analysis in our previous study with these women; however, we cannot rule out its impact on vasodilation because of the small study group. 12 In the present study, insulin sensitivity correlated, as expected, with parameters of metabolic syndrome. 43, 44 Serum triglycerides had significant association with insulin sensitivity, together with WHR, in the multivariate analysis. However, we did not find evidence of more metabolic syndrome in our patient group, which could be explained by normal and similar BMI and WHR and a relatively small number of women studied. Preeclampsia is known to be more severe if it starts early in gestation, 45 and such women have been suggested to be at an even greater risk for cardiovascular disease. 18 In the present study, higher blood pressure during preeclampsia (diastolic) and earlier gestational weeks at the onset of preeclamptic hypertension and at the onset of proteinuria were associated with decreased insulin sensitivity in the patient group. However, the daily amount of proteinuria and the classical definition criterion for severity of preeclampsia did not correlate with later vasodilation 46 and did not have any association with insulin sensitivity in the present study. Low birth weight of the child, shown to add in the risk for cardiovascular risk of the mother, 18 was shown to be associated with insulin sensitivity. Thus, these study results suggest that insulin sensitivity plays a role in the increased risk for cardiovascular disease in women with a history of early onset preeclampsia. We acknowledge that the number of patients was limited. The study protocol was time consuming and relatively invasive; intra-arterial infusions of vasoactive substances require substantial cooperation and commitment of the studied person. However, this is the first study in which vascular function has been examined with plethysmography and intra-arterial infusions and results have been related to insulin sensitivity in women with previous preeclampsia.
Conclusion
After pregnancy affected by preeclampsia, the main risk factors for cardiovascular disease are still within normal limits, and the overall risk for cardiovascular disease is low. However, increasing central obesity and unfavorable lipid status in the form of increased triglycerides, together with severe, early onset preeclampsia, seem to be related to decreasing insulin sensitivity. In addition, there seems to be a close relation between insulin sensitivity and vascular dilatory function. These findings might have an impact on the increased risk of cardiovascular disease in this group of women.
Perspectives
Cardiovascular disease is the leading cause of death in women, and the incidence is not declining. In the past years, several studies have shown evidence that preeclampsia is a novel risk marker for cardiovascular disease, and it is thought to share pathogenetic mechanisms with cardiovascular disease instead of being a direct cause. Regarding shared risk factors, components of metabolic disease (increased visceral fat, blood pressure, and dyslipidemia) have been shown to be of special interest. In the present study we suggest that women with a history of severe preeclampsia respond to increased visceral fat with an enhanced insulin-resistant manner, which seems to be associated with impaired vasodilation. The earlier the onset of preeclampsia, the more insulin resistant these women are later. Gradually, in years after preeclampsia, increasing weight and visceral fat add to the risk for metabolic syndrome and cardiovascular disease. Primary prevention of cardiovascular disease in this group of women is a realistic perspective and should be undertaken, and reproductive history needs to be considered when dealing with cardiovascular medicine.
